Abstract. A model originally developed to explain the spectral albedo and emissivity of terrestrial snow is extended to the case of carbon dioxide snow on Mars. The variation of albedo and emissivity with wavelength is caused by the spectral variation of the absorption coefficient of solid CO2. The most important variables controlling the radiative properties are grain size and contamination by dust or water. Solar zenith angle and snowpack thickness are of less importance. The observation that red albedo is higher than blue albedo in the Martian south polar cap indicates that the snow is contaminated with red dust. The interband absorption coefficient of CO2 ice in the thermal infrared is 2-3 orders of magnitude smaller than that of H20 ice, due to the absence of hydrogen bonding in CO2. This allows CO2 snow emissivity to be sensitive to grain size, emission angle, and impurities, in contrast to water snow which is nearly a blackbody under all conditions. The emissivity of CO2 snow varies substantially with wavelength, so energy budget modeling should be done in spectral detail. The addition of a thin layer of water frost over CO2 snow dramaticaliy raises the thermal emissivity but causes little change to the spectrally averaged albedo unless the underlying CO2 snow is dirty. Remote sensing of CO2 grain size, H20 content, and dust content may be possible. However, the design of a remote-sensing strategy awaits more accurate laboratory determination of the optical constants of CO2 ice. 
There is apparently considerable variation in temperature or emissivity or both across the south polar cap. [1977] shows that in midwinter T20 varied from 148 K near the edge of the polar cap to 130 K at the south pole. Assuming that the entire ice cap surface consists of solid CO2 at 150 K, these values of T20 imply that the surface emissivity varies from near 1.0 at the edge of the cap to 0.5 at the pole (presuming no atmospheric emission, which is an oversimplification). The average T20 was 143 K, which could be explained by an emissivity of 0.8. However, the physical temperature may have been somewhat lower at the pole, due to enrichment of the minor atmospheric gases and local lowering of the sublimation temperature [Kieffer et al., 1976] .
Most planetary surfaces have emissivities above 90% in the thermal infrared. In particular, this is true for snow and sea ice on Earth, which have emissivity about 99% for practically any grain size and snowpack thickness (Dozier and Warren [1982] ; reviewed below). But the above evidence suggests that CO2 is an anomalous planetary surface, having quite variable surface emissivity. We will show that the reason for the difference in emissivity between H20 snow and CO2 snow is that the interband absorption coefficient of CO2 ice in the infrared is 2-3 orders of magnitude smaller than that of H20 ice, apparently because of the lack of hydrogen bonding in CO2 ice.
In this paper we often contrast the properties of water snow and CO2 snow, because both occur on Mars. Kieffer [1968] suggested that H20 frost may sometimes cover a CO2 snow surface and dominate the reflectance properties. Also, the north polar cap in summer consists of H20 ice.
Snow Albedo/Emissivity Model
Our model for the spectral albedo of terrestrial water snow (hereinafter referred to as WWI) should also be useful for CO2 snow. This model uses Mie theory for the single scattering by individual snow grains, together with the delta-Eddington method [Joseph et al., 1976] for the multiple scattering in a snowpack. In spite of the far-field limit taken in Mie theory, the model agrees quite well with measured spectral albedos even for closely packed snow ], provided that the particle sizes and spaces between particles are large compared to the wavelength of light. This condition is satisfied for solar radiation but may break down in the thermal infrared if snow particles are small (grain radius r<50 gm). It is possible to incorporate near-field effects into the model.
The single-scattering calculation is done for spheres, so we assume that we can mimic the albedo of a snowpack of nonspherical particles by a model snowpack of "equivalent" spheres. When the particle size is much larger than the wavelength, which is generally true for water snow in the solar and thermal-infrared spectral regions, the equivalent sphere seems to be best chosen as the sphere with the same surface-to-volume ratio as the real nonspherical snow grain [Dobbins and Jizmagian, 1966; Kieffer, 1968 ' Warren, 1982] . This is because what largely controls the albedo is the average distance a light ray travels through ice between air-ice interfaces, i.e., between opportunities for changing direction. That is also the reason that a coarse-grained snowpack is more absorptive than a fine-grained snowpack, as shown below.
The single-scattering calculation at a particular wavelength •, requires as input (1) the size parameter x = 2nr/•,, i.e., the ratio of the particle's circumference to the wavelength; and (2) the complex index of refraction m at that wavelength; m = mre -i mim, where mre is the ordinary refractive index which determines the phase speed and mim is related to the linear absorption coefficient (kabs, units of inverse length) as kabs = 4nmim/•, (mre and mim are together called the optical constants). The single-scattering calculation follows Mie theory, using the algorithm of Wiscombe [1980] or (for x>2000) the asymptotic formulae of Nussenzveig and Wiscombe [1980] .
The results of the Mie calculation are single-scattering albedo t• (the probability that a photon will survive an extinction event), the extinction efficiency Qext (ratio of the extinction cross section of a particle to its geometric crosssection area), and the scattering phase function, which describes the angular distribution of the photons scattered by a single particle. The radiative transfer method that we use, delta-Eddington, requires only one measure of the phase function, the average value of the cosine of the scattering angle, called the asymmetry parameter g. The analytical formula for albedo, a, for parallel-beam incidence is given by equations 3 and 4 of WWI. It depends on •, g, and the cosine go of the solar zenith angle 0o and (for a thin snowpack only) on Qext, the snowpack thickness 2 14,719 and the albedo of the underlying surface. The albedo for diffuse incidence is obtained by integrating the direct beam albedo over all incidence angles in the hemisphere (equations 6 and 7 of WWI).
On Mars the spectrum of thermal ("longwave") radiation is well separated from the spectrum of solar ("shortwave") radiation energy, even more so than on Earth. For a typical Martian temperature of 195 K the emitted and incident spectral fluxes are approximately equal (and small) at )•=6 gm, so beyond 6 gm the quantity of interest is the emissivity rather than the albedo. For an opaque surface, albedo and emissivity must add to unity, by Kirchhoff's law [Siegel and Howell, 1972 
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Laboratory measurements of the absorption spectrum of pure solid CO2 were reviewed by Warren [ 1986] , who also compiled a set of recommended values for radiation modeling, which we use in this paper. However, there are considerable uncertainties in that compilation, in nearly all spectral regions except the strong absorption bands at 4-gm and 15-gm wavelength. The near-infrared region, 1.0-2.5 gm, has never been measured. The visible and near-visible, 0.3-1.0 gm, was measured by Egan and Spagnolo [1969] , but they used unpurified commercial dry ice, so we cannot rule out the presence of trace amounts of an absorptive impurity.
Spectral transmittance for the infrared region, 2.5-25 gm, was measured by Ditteon and Kieffer [1979] , but their crystals were poorly formed and probably scattered as much light as they absorbed. The amount of scattering has been estimated [Ditteon and Kieffer, 1979; Warren, 1986 ], but it is quite uncertain, so the optical constants in this spectral region are correspondingly uncertain.
The spectrum has never been measured beyond 25-gm wavelength, so our computations of CO2 snow emissivity also stop there. However, we do compute albedo in the region 1.0-2.5 gm, using optical constants guessed by extrapolation of mim from the region 0.3-1.0 gm.
H20 ice
The laboratory measurements of the absorption spectrum of water ice were reviewed by Warren [ 1984] ; we use that compilation in this paper. These differ slightly from those used by WWI, because we now have available the more recent accurate determination of mim by Grenfell and Perovich [1981] for 0.4-1.4 gm wavelength. Our graphs of water snow albedo thus differ slightly from those in WWI.
Martian Dust
For our calculations of the albedo and emissivity of snow containing Martian dust, we use dust optical constants recommended by Pollack et al. [1979] g indicate strongly forward directed scattering, which is mainly due to a very narrow forward peak in the scattering phase function representing photons that diffract around the particle and change their direction only slightly. In order to calculate fluxes accurately from a medium with g>0.5, a multiple-scattering method such as delta-Eddington is appropriate, which approximates a fraction of the slightly deflected photons as being unscattered, and transforms the radiative transfer problem into an equivalent one with g<0.5 [Joseph et al., 1976 ].
Effect of Snow Grain Size on Albedo and Emissivity
The wavelength dependence of albedo or emissivity is determined by the wavelength dependence of mim. At any particular wavelength, however, the most important variable controlling the albedo is the snow grain size. As mentioned above, the "equivalent sphere" for an irregular snow particle is likely to be the one with the same surface-to-volume ratio. Nonsphericity becomes less important in situations with considerable multiple scattering, so its effects are unlikely to be detected for snow except in the angular distribution of reflected intensity for near-grazing angles of incidence.
Albedo of Water Snow
For terrestrial water snow we found that in order to match field observations of spectral albedo, the radii of the equivalent spheres ranged from 50 gm for new snow to 1000 gm for old melting snow. This also corresponds to photographic and microscopic measurements of snow grain size. Figure 4 shows the calculated albedo of water snow for grain sizes in this range. The grain size normally increases The albedo decreases with increasing grain size. This is due in small part to the increase of g with r but mainly to the increase of (1-&) with r. For radius 5-20 gm, the visible albedo is quite high (90-95%) and nearly independent of wavelength. As the grain size increases, the snow albedo develops a peak at X=0.5 gm. For r=2000 gm the calculated albedo is as low as 35%. For a given grain size, the visible albedo of CO2 snow is lower than of H20 snow (Figure 4 ). This is because moim for H20 ice is extremely small in the visible (mim<10-*), whereas CO2 ice is considerably more absorptive (mim•-10-6). (However, because of the possible influence of absorptive impurities in the unpurified commercial dry ice used to measure mim in the visible, these computed albedos for CO2 snow may be too low.) By contrast, in the near-infrared the albedo is higher for CO2 snow than for water snow because CO2 ice is less absorptive than H20 ice.
The albedo dips dramatically in the near-infrared absorption bands of CO2 at 1.4-, 2.0-, and 2.7-gm wavelength. Comparison with Kieffer's [1968 Kieffer's [ , 1970 laboratory reflectance spectra of CO2 frosts between 0.8 and 3.2 gm shows overall agreement, for example that "the 2.7-gm band is saturated for frosts of textural scale greater than about 50 gm (i.e., r=25 gm) and has a minimum reflectance of 1%" [Kieffer, 1970, p. 503] ; also that increase in grain size progressively deepens these absorption features.
But there are also disagreements with Kieffer's experimental results. Our 1.4-gm absorption feature is much stronger than his, probably because it is very narrow and was not resolved in the experiment. The three lines near 2 gm are merged into a single absorption feature in his spectrum. However, the 3-gm absorption feature is narrower in his observed spectrum than in our calculation. Since H20 absorbs strongly at 3 gm, this could possibly be due to water ice contamination in the samples which Ditteon and Kieffer [1979] used to obtain mim so that our calculation is contaminated by water, if Kieffer's frost spectra were measured on more carefully purified CO2.
The reflectance spectrum of CO2 frost has been extended into the ultraviolet by Wagner et al. [ 1987, Figure  16 ]. The reflectance remains high, increasing slightly as wavelength decreases from 400 to 300 nm (i.e., opposite to the trend in Figure 5a ), then drops sharply to near zero at 220 nm.
A complication that we do not investigate in this paper is the possible increase of grain size with depth, which is common in terrestrial snow. This can affect the albedo differently at different wavelengths, because light penetrates more deeply into the snowpack in spectral regions of weak absorption and the albedo at those wavelengths is affected by the larger subsurface grains (T. C. Grenfell et at., manuscript in preparation, 1990).
Emissivity of Water Snow
In contrast to the albedo, which varies considerably with snow grain size and wavelength, the emissivity of water snow (Figure 6 ) is close to 99% for all grain sizes throughout the thermal infrared. This is because the absorption coefficient of H20 ice is large enough (mim'x>l) that essentially all the light at these wavelengths which enters a snow grain is absorbed in the grain, but small enough (mim<< 1) that external reflection at the surface of the grain is still small. The spectrally averaged emissivity E is given on each of the curves. Note that the scale of emissivity on 
Emissivity of CO2 Snow
The emissivity of CO2 snow (Figure 7) , by contrast to that of water snow, should depend strongly on grain size, because mim.x<<l for all realistic grain sizes (i.e., small enough to give a high visible albedo) except in the 15-gm band. The model predicts emissivities in the IRTM surfacesensing channels which vary from less than 10% for r=5 gm to over 90% for r=2000 gm. The calculated emissivity is for viewing angle 0out=60 o, but this is also approximately the same as the hemispherically averaged emissivity. The most reliable parts of the curves are the region 6.5-8.6 gm, where mim is based on the accurate transmission measurements of Gaizauskas [1955] (reviewed by Warren [1986] ). The curves are dashed in regions where mim is uncertain by more than a factor of 10, to indicate that the emissivity is also highly uncertain.
This low emissivity calculated for CO2 snow is unusual for planetary surfaces, most of which have emissivity above 0.9 in the thermal infrared. The low emissivity is due to the small interband absorption coefficient. The spectrum of Ignoring other possibilities to be discussed below, the observed poleward decrease in the 20-gm channel brightness temperature T20 in winter [Kieffer et al., 1977] suggests that snow grain size decreases toward the pole. This would be reasonable if the snow was still being deposited at the pole but not at the edge, so that the surface snow at the cap edge had more time to undergo metamorphism, which normally leads to larger grains. However, most models predict CO2 deposition at both the center and the edge during the winter season.
Without taking into account the detailed spectral response of the channels, Figure 7 suggests that for a given grain size, the emissivity at 20 and 7 gm should be larger than that at 9 and 11 gm. This does not agree with the Viking IRTM data [Kieffer, 1979] , which showed T9>T 11 >T20 over the south polar cap. However, in order to make detailed comparisons with Viking data it will be nec- 
Effect of Solar Zenith Angle or Infrared Emission Angle
The range of solar zenith angles experienced over the southern polar cap is about 500-90 ø , as can be seen in Figure 9 , which is based on the observed springtime recession of the cap edge given in Figure 18 of James et al. The reason that the albedo is higher for low sun is that a photon on average undergoes its first scattering event closer to the surface if it enters the snow at a grazing angle. If the scattering event sends it an upward direction, its chance of escaping the snowpack without being absorbed is greater than it would be if it were scattered from deeper in the pack.
These calculations are for a flat surface; because of surface roughness on a natural snow surface, the effective zenith angle will rarely be as large as 80 ø . Also, scattering of the solar beam by the atmosphere will change the effective zenith angle, bringing it toward the effective zenith angle of diffuse radiation which is about 50 ø (section 5d of wwI).
The observation by Kieffer [1979] that the early spring albedos were highest near the cap edge is opposite to that expected from the zenith angle dependence. However, the Lambertian reflectance assumption used to convert satellite- 
Effect of Finite Snow Depth
The results shown so far are all for semi-infinite snow.
Here we determine how thick a snowpack must be to be effectively semi-infinite. Figure 11 shows albedo and emissivity for various depths of CO2 snow, where depth is expressed as mass per unit area. To compute Figure 11 , we needed the spectral albedo of the underlying surface. To estimate this we made use of the relative reflectance spectra of Martian soil shown in Figure 3 of Singer et al. [1979] for 0.3 to 2.5 gm wavelength. We scaled these spectra to obtain an average shortwave albedo of 0.25, typical of Martian soil. To extend these results to shorter and longer wavelengths, we assumed that the value at 0.3 gm applies also to the region 0.2-0.3 •m, and that the value at 2.5 •m applies also to the region 2.5-6 •m. For Z>6 •m the soil is assumed to be a blackbody emitter. The assumed spectrum of the underlying surface is shown as the dashed line in Figures 11 a and 11 b . It is unlikely to be correct for 2.5-6.0 gm, but the results in Figure 11 are insensitive to this choice (as opposed to a black underlying surface) if the snow thickness is greater than 0.2 gcm -2. Figure 11 shows that the semi-infinite limit is reached already at 0.1 gcm -2 in the absorption bands and at 0.5 gcm -2 in most parts of the thermal infrared. In the solar spectrum the albedo for 0.5 gcm -2 of snow is within 2% of the semi-infinite limit. The semi-infinite limit requires greater depths for larger grain sizes (Figure 13 of WWI) .
In the visible, the depth of an effectively semi-infinite CO2 snowpack is about a factor of 4 smaller than that of a water snowpack (Figure 13 of WWI) Pollack et al. [1979] fitted the angular variation of Martian sky brightness (observed by the Viking lander) best by using an optically effective Ydust=2.5 [am; we use this radius for our calculations on the presumption that it is also representative of dust in snow. We assume the dust has a density of 2.6 g cm -3, typical of clay minerals.
The albedo of pure water snow is rather fiat in the visible. Figure 12 shows that adding dust reduces the albedo and gives it a stronger spectral dependence, with higher albedo for red light than for blue. The dust has no effect on albedo or emissivity beyond 1.4 [am wavelength. Kieffer [1968, 1970] investigated the effect of water content in the laboratory for 0.8-3.2 [tm wavelength and H20 mixing ratios from 0.8% to 23%. At the lowest mixing ratios only the 3.1-[tm band of H20 was noticeable in the reflectance spectrum, but with 10% water the spectrum was dominated by water, and CO2 could only be identified by its absorption at 2.7 gm. In most of the near-infrared, H20 is more absorptive than CO2, so, as Kieffer [1970, p. 501] noted, "...the addition of small amounts of H20 made appreciable changes in the CO2 spectra, but not vice versa."
The results of mixing water ice into CO2 snow are shown in Figure 14 , where we have arbitrarily assumed that the water is present as separate ice particles of size r=10 [tm, such as cloud particles on which the CO2 snow might have nucleated. The presence of water ice raises the albedo slightly in the visible (for more than 1% H20) but reduces it elsewhere in the solar spectrum. This causes a curious behavior in the spectrally averaged albedo: as water content is increased from zero to 10% the first effect is to lower the near-infrared albedo, reducing •, but as the water content continues to increase beyond 10% the near-infrared saturates while the visible albedo rises, increasing •. However, these changes in • are at most a few percent.
The addition of water dramatically raises the emissivity of CO2 snow over essentially the entire thermal-infrared spectrum. The observed decrease of 20-[tm emissivity toward the south pole could thus be the result of a drier atmosphere leading to less contamination of the snow with water ice. However, more than 0.01% H20 is necessary to have an appreciable effect on the longwave emissivity, if it is uniformly mixed with CO2. This is the mixing ratio of H20 in the average Martian atmosphere and is the expected mixing ratio of H20 in deposited CO2 snow [Kieffer, 1990] .
However, the water ice is unlikely to be uniformly mixed. In springtime the H20 (and dust) should accumulate at the surface of the snowpack as a "lag deposit" [Jakosky, 1985] , where they can dominate the emissivity. In summer over the residual south polar cap, water vapor is likely to deposit onto the surface as a fine-grained frost, reaching a thickness of 0.05-0.2 g cm -2 [Jakosky and Haberle, 1990; Haberle and Jakosky, 1990] . Kieffer [1990] (Figure 16c ), whereas 10 times as much H20 was needed if the grain radius was 100 gm (Figure 15c) . However, the asymptotic emissivity is 10% lower for the fine-grained frost. In the visible, the fine-grained frost raises the albedo sufficiently to overcome the near-infrared reduction, so it causes a few percent increase in •.
If pure H20 frost is deposited on the residual south polar cap in summer, the underlying surface is likely to contain a substantial amount of dust which became concentrated as the CO2 sublimated. Figure 17 shows how the addition of a thin layer of H20 frost causes the albedo to increase. This is the only situation in which the addition of small amounts of water ice can increase • significantly. The increase is much larger for the fine-grained frost ( Figure  17b ) than for the coarse-grained frost (Figure 17a ). H20 can also combine chemically with CO2 to form a clathrate containing about 80% H20, but the spectrum of this clathrate is very similar to that of H20 ice [Smythe, 1975] , so this possible form of a CO2-H20 mixture is unlikely to complicate inferences about water content from spectral observations of the polar caps. At any given wavelength, the primary variable controlling albedo and emissivity is the snow grain size, with albedo decreasing and emissivity increasing as grain size increases, which probably happens as the snow ages. Of secondary importance is the solar zenith angle (or infrared emission angle), albedo increasing with zenith angle.
Effect of Surface Roughness on
The average thickness of the winter snow cover on Mars is probably only about 1 m, but this is effectively semi-infinite: only about 0.5 g cm -2 of CO2 snow is needed to hide the underlying soil so that it does not affect the albedo.
Observations (both from Earth and from Viking orbiters) that red albedo is much higher than blue albedo in the Martian south polar cap indicates that the snow (or the atmosphere) is contaminated with red dust.
The absorption coefficient of CO2 ice in the thermal infrared is 2-3 orders of magnitude smaller than that measured for H20 ice, apparently due to the absence of hydrogen bonding in CO2. Therefore, whereas water snow emissivity is very close to 100% for all grain sizes and emission angles, CO2 snow emissivity is calculated to be much lower, varying substantially with wavelength, and quite sensitive to grain size and emission angle. Such low Albedo is independent of snow density (for a given grain size), but the thermal emissivity, especially of finegrained snow at longer wavelengths, increases with snow density. Thus variations in density could cause variations in brightness temperature in the 20-}.tm channel more than in the other IRTM channels on Viking.
Remote sensing of CO2 grain size, H20 content, and dust content may be possible because they have different effects in different spectral regions. Dust and H20 both cause emissivity to increase at 6 and 9 }.tm, but dust causes visible albedo to decrease whereas H20 causes it to increase slightly. Emissivity at 7 }.tm is particularly sensitive to CO2 grain size if the water content is not too large. However, the possible presence of dust, water ice, and CO2 ice in the atmosphere will complicate the determination of surface properties. The design of a remote-sensing strategy awaits more accurate determination of the optical constants of We can offer no new explanation for the large differences in brightness temperature among the four surfacesensing channels in spring and summer over the south polar cap, when these temperatures are higher than the sublimation temperature of CO2. Addition of water or dust to CO2 snow, expected in summer, should reduce these interchannel differences, and yet they remain. Kieffer's [1979] idea that unresolved (sub-grid-scale) frost-free regions mix their warm temperatures (and uniform oe) together with CO2 frost (of variable e) in the same pixel seems reasonable.
The role of water is likely to be crucial in determining the energy budget of the polar cap. H20 is deposited along with CO2 in the winter but should accumulate as a layer at the surface in spring and summer. The addition of a thin layer of water frost over pure CO2 snow dramatically raises the thermal emissivity, so that less of the energy balance in spring and summer has to be contributed by latent heat of CO2 sublimation. A surface cover of water frost of 0.01 g cm -2 is sufficient to raise the average emissivity to 97%.
Addition of water ice, either within or as a surface deposit, is unable to raise the spectrally averaged albedo of a CO2 snowpack (because H20 snow has low albedo in the near-infrared), unless the underlying CO2 snow is dirty.
Because of the large uncertainty in the optical constants of solid CO2 at most wavelengths, our calculations of CO2 snow albedo and emissivity should be regarded as preliminary suggestions. The detailed infrared spectra of the Martian south pole from Mariner 7 (T. Z. Martin, submitted manuscript 1989) show several features which are likely due to CO2 but which do not appear in our calculations because of our lack of accurate spectra for pure solid CO2, especially in the 1.0-2.5 gm region. Calvin 
